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Introduction
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•X-ray
• optical laser (surface compression)
• e- beam (FEL)

•10 keV?

•Drivers needed for exciting wakes in dense plasmas (crystals & nano-structures)

•This talk will cover two topics:

• generation of high brightness e- beams in a PWFA using downramp trapping

• kinetic plasma instabilities relevant to beam-plasma interaction

•Electron beam
• optical laser (LWFA)
• e- beam (PWFA)

•10s MeV-GeV

•high brightness
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Outline
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•High brightness beam generation using downramp trapping

• concept

• simulation results

•Kinetic instabilities relevant to acceleration in dense plasmas

• kinetic instabilities in beam-plasma system

• experimental investigation using optical-field ionized plasmas

• current filamentation experiment at FACET-II
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Downramp trapping is capable to generate high brightness beams
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The concept of downramp trapping was firstly proposed by 
S. Bulanov (1998) and H. Suk (2003) using 1D analysis.
S. Bulanov, et al., Phys. Rev. E 58, R5257 (1998); 
H. Suk, et al., Phys. Rev. Lett. 86, 1011 (2001) 

•Conceptual illustration of downramp trapping:

vϕðz; tÞ ¼
vd

1 − ðdωp=dzÞω−1
p ðvdt − zÞ

ð1Þ

Thus a density gradient can be used to increase the phase
velocity (upramp) or decrease the phase velocity (down-
ramp). The concept of using variations of the plasma density
to trigger injection was proposed in gradual [22] and sudden
[23] density transitions from a high density plasma to a low
density plasma. These analyses were based on 1D arguments
and paid little attention to the beam quality. There have been
some recent results based on multidimensional simulations
[27–30], but not for the parameters needed to observe the
high quality beam generation described here.
In this article, we analyze the self-injection in density

downramps from wakes excited in the nonlinear blowout
regime using theory and 3D OSIRIS [31] simulations. We
find that unprecedented brightnesses are generated due to
the discovery that in the rear of the bubble the electrons
experience defocusing fields that reduce their transverse
momentum just as they are becoming trapped and which
vanish after they are trapped. This process also leads to
extremely low absolute slice energy spreads because of
the mapping between the initial position of the particle and
its location in the axial direction when it is trapped and
extremely low absolute projected energy spread due to the
combination of the injection and the following acceleration.
The processes behind the injection and the role of the

defocusing fields on the generation of ultra bright electron
beams are clearly illuminated by tracking particles of
interest. To isolate the physics we use a nonevolving
ultrarelativistic electron beam to produce the wake; how-
ever, when evolving beams or lasers are used similar results
are obtained. The phase velocity is controlled by the density
dependence of the blowout radius, so by adjusting the
magnitude of the plasma density gradient and the driver
intensity one can control the expansion rate of the blowout
radius so that electron trapping occurs.
The basic idea is illustrated in Fig. 1. In the simulations

used to generate Figs. 1–3, we use 512 × 512 × 320 cells in
the x, y and z directions respectively (a longer simulation
box with 416 cells in the z-direction is used when Λ ¼ 4).
The cell sizes are 1

32
c

ωp0
in each direction and 4-8 particles

per cell are used for the plasma electrons (the ions are kept
fixed). Here ωp0 is the plasma frequency corresponding to
the lower shelf density np0. When a high current electron
bunch propagates through plasma, a nonlinear plasma wave
structure can be excited if the bunch peak density nb
exceeds the plasma density np [32–34] and the peak
normalized charge per unit length, Λ≡ 4πre

R r≫σr
0 drrnb

exceeds unity, where σr is the spot size of the beam and re
is the classical electron radius. For Λ ≫ 1, the Coulomb
force of the drive electron bunch “blows out” the plasma
electrons which then form a thin sheath surrounding a
“bubble”-like region that contains only the “immobile”
ions. In the laser driver case, a similar bubble structure is

formed if the normalized vector potential a0 ≡ eA0

mc2 ≫ 1

where A0 is the peak vector potential of the laser [33–36].
The blowout or bubble regime has many beneficial proper-
ties for an accelerating structure; it has an ultrahigh
accelerating field Ez for electrons that is independent of
the radial position and it has a large focusing field that
is linear in r and independent of the phase of the
wake [33,34].
In the blowout regime, the edge of the ion column is

called the blowout radius, rbðξÞ (the radius is in cylindrical
coordinates for each value of ξ) where ξ≡ vdt − z≈ct − z.
The maximum value of rb is defined as rm which for a
particle beam driver is rm ≈2

ffiffiffiffi
Λ

p
c=ωp [33,34]. When

rm ≫ c=ωp then rbðξÞ nearly maps out a circle so the
wake resembles a spherical bubble. The wavelength of the
wake is therefore λwake ≈2rm ≈4

ffiffiffiffi
Λ

p
c=ωp. The nonlinear

frequency is ωNL ¼ πωp

2
ffiffiffi
Λ

p . Therefore, ωp can be replaced by
ωNL in the expression for the phase velocity. For the
velocity of the first density spike, we can replace ðvdt − zÞ
with λwake in Eq. (1) leading to vϕ ≈vdð1 − 4

ffiffiffiffi
Λ

p cdω−1
p

dz Þ and

hence γϕðz; tÞ≡ ð1 − v2ϕ
c2Þ

−1
2 ≈ð8

ffiffiffiffi
Λ

p cdω−1
p

dz Þ−
1
2. This formula

indicates that the phase velocity is insensitive to the exact
density profile of the ramp, thus linear profiles are used in
this paper for simplicity. Other profiles with similar density
scale-lengths (l≡ j np

dnp=dz
j) will also work.

To obtain vϕ from simulations, we track where Ez ¼ 0
because its location is well defined and assume it behaves
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FIG. 1. (a) Schematic of density downramp injection. The
plasma density decreases linearly from np;h at z ¼ 0 to np0
at z ¼ L. (b) The plasma wake produced by a short electron
bunch with Λ ¼ 1 before (left) and after (right) it propagates
through the density downramp. The black lines are the on-axis Ez
and the purple (blue) marker indicates the position where Ez ¼ 0
when the beam is before (after) the ramp. (c) Evolution of the
phase velocity γϕ;Ez¼ 0 from Eq. (1) (solid lines) and 3D PIC
simulations (dashed lines). The parameters are: γb ¼ 2500;
nb ¼ 16np0; σz ¼ 0.7 c

ωp0
, σr ¼ 0.25 c

ωp0
when Λ ¼ 1 and σr ¼

0.5 c
ωp0

when Λ ¼ 4.

X. L. XU et al. PHYS. REV. ACCEL. BEAMS 20, 111303 (2017)

111303-2

Ez field

Xinlu Xu et al., Phys. Rev. Accel. Beams (2017) 
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Mechanism of reducing emittance of the injected beam
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•as the electrons being pulled back to 
the axis, their radial velocity initially 
increases, but is reduced as these 
electrons approach the axis (actually 
most sheath electrons are reflected 
to form a second bubble)

similarly to the location of the density spike where Ez is a
minimum. In Fig. 1(c) we plot γϕ;Ez¼0 for several values
of L and Λ and reasonable agreement between theory
[we use rm ¼ λwake=2 for ðvdt − zÞ in Eq. (1) to get

γϕ;Ez¼0 ≈ ð4
ffiffiffiffi
Λ

p cdω−1
p

dz Þ−
1
2] and simulations is seen.

If the density of the ramp decreases gradually, i.e.,
l≡ j np

dnp=dz
j ≫ c

ωp
, the motion of an electron before injec-

tion is similar to its motion in a uniform plasma. As pointed
out in Refs. [33,34], in the blowout regime the trajectories
of plasma electrons vary significantly depending on their
impact parameter, i.e., the initial radius, ri. As seen in
Fig. 2(a), electrons with small ri ≪ rm are deflected by the
driver whereas the electrons with large ri ≫ rm are hardly
perturbed. Only the electrons with ri ≈ κrm form the high
density narrow sheath of the wake, where κ ≈ 1

2 and its
precise value depends on the intensity and profile of the
driver, and can be deduced from simulations [33,34]. These
electrons obtain large longitudinal forward velocity γz ≡
ð1 − β2zÞ−

1
2 when they reach the rear of the wake as shown

by the dashed lines (curves of −γz vs ξ for different ri) in
Fig. 2(a). The dependence of the maximum γz;M on ri for
different driver intensities (Λ ¼ 1 and 4) are shown in the
inset in Fig. 2(a). One can see the stronger driver generates
electrons with larger γz;M. Examining Figs. 1(c) and 2(a)
one sees that when the driver propagates through a gradual
density downramp, γz;M ≥γϕ for some sheath electrons as
they are pulled back to the axis which leads to injection.
This selection mechanism determines the beam quality
generated in density downramp injection.
It is now well understood that in the blowout regime [see

Fig. 2(a)], electrons are expelled forming a narrow sheath

and that the ion column provides a restoring force which
pulls these electrons back toward the r ¼ 0 axis. As the
electrons return to the axis their axial velocity begins to
approach the speed of light and their radial momentum
becomes large and negative. This indicates that the trans-
verse emittance would be large if these electrons are
trapped. However, a more detailed investigation reveals
that wakefield excitation and the resulting dynamics of
these electrons are more complicated. A quick inspection
[Fig. 2(a)] demonstrates that the electrons in the sheath
actually do not across the axis (a very small number of the
sheath electrons across the axis but the majority do not);
rather, they are reflected before reaching the axis indicating
the transverse momentum p⊥ vanishes as they approach
the axis.
In a uniform plasma and assuming the phase velocity

of the wake is near the speed of light, the longitudinal
velocity of the electron can be approximately described as
βz ¼ 1 − 2ð1þψÞ2

1þðp⊥=mcÞ2þð1þψÞ2 [37], where ψ ≡ e
mc2 ðϕ − AzÞ is

the wake potential and ϕ and Az are the scalar potential and
the axial component of the vector potential, respectively.
This expression shows that either p⊥ goes to infinity and/or
ψ must approach −1 in order for βz to approach unity. As
shown below, p⊥ remains finite so ψ must approach −1. In
fact a general trapping condition can be derived without

assuming γϕ → ∞ as ψ ≤ −1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðp⊥=mcÞ2

p
γϕ

[14].
The wake potential ψ obeys the Poisson’s equation [33]

∇2
⊥ψ ¼ S≡ −

1

npe

"
ρ−

Jz
c

#
ð2Þ

where S ¼ −1 inside the ion column. Lu et al. showed
for a simple phenomenological model of a sheath with a
single width, Δ, where S ≥0 outside the ion column
(S is constant and greater than unity in the sheath and 0
outside the sheath), that ψ inside the ion column takes the

general form ψ ¼ r2bðξÞ
4 ð1þ βΔÞ − r2

4 ≡ ψ0 − r2
4 , where βΔ is

a positive definite function. Therefore for such a sheath,
ψ ≥0 at each transverse position, such as in the case for the
black lines in Fig. 2(b). In fact it can be shown ψ ≥0 for
any solution of Eq. (2) where S > 0 outside the ion column.
However we find that at the very rear of the wake, S < 0 for
some r outside the ion column such as in the case for
the blue lines in Fig. 2(b). As a result ψ can be very close
to −1 at the rear of the wake and this is why the electrons
can be trapped.
Very importantly, we have also found that in the rear of

the wake, jp⊥j vanishes for almost all sheath electrons as
the approach the r ¼ 0 axis. This is true for wake excitation
in both uniform density plasmas and in density downramps.
As a result electrons are reflected before they reach the axis.
The electrons that are actually trapped also behave similarly
as they approach the axis which is one key reason for why
such low emittances are possible.
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FIG. 2. (a) The trajectories (solid lines) and the −γz (dashed
lines) of the electrons in a uniform plasma with np ¼ 1.5np0 and
ωp is the corresponding plasma frequency. The red dotted line is
the on-axis ψ0. The inset shows the dependence of γz;M of the
electrons on the initial radius under different drivers. The black
and blue markers correspond to ξ ¼ 6.4c=ωp and 10.7c=ωp.
(b) The source term S and pseudo-potential ψ at different ξ. The
blue dashed line is an average. The parameters of the beam
drivers are the same as the Λ ¼ 4 case in Fig. 1.
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Trajectories of electrons forming a wake in an 
uniform density plasma:

similarly to the location of the density spike where Ez is a
minimum. In Fig. 1(c) we plot γϕ;Ez¼0 for several values
of L and Λ and reasonable agreement between theory
[we use rm ¼ λwake=2 for ðvdt − zÞ in Eq. (1) to get

γϕ;Ez¼0 ≈ ð4
ffiffiffiffi
Λ

p cdω−1
p

dz Þ−
1
2] and simulations is seen.

If the density of the ramp decreases gradually, i.e.,
l≡ j np

dnp=dz
j ≫ c

ωp
, the motion of an electron before injec-

tion is similar to its motion in a uniform plasma. As pointed
out in Refs. [33,34], in the blowout regime the trajectories
of plasma electrons vary significantly depending on their
impact parameter, i.e., the initial radius, ri. As seen in
Fig. 2(a), electrons with small ri ≪ rm are deflected by the
driver whereas the electrons with large ri ≫ rm are hardly
perturbed. Only the electrons with ri ≈ κrm form the high
density narrow sheath of the wake, where κ ≈ 1

2 and its
precise value depends on the intensity and profile of the
driver, and can be deduced from simulations [33,34]. These
electrons obtain large longitudinal forward velocity γz ≡
ð1 − β2zÞ−

1
2 when they reach the rear of the wake as shown

by the dashed lines (curves of −γz vs ξ for different ri) in
Fig. 2(a). The dependence of the maximum γz;M on ri for
different driver intensities (Λ ¼ 1 and 4) are shown in the
inset in Fig. 2(a). One can see the stronger driver generates
electrons with larger γz;M. Examining Figs. 1(c) and 2(a)
one sees that when the driver propagates through a gradual
density downramp, γz;M ≥γϕ for some sheath electrons as
they are pulled back to the axis which leads to injection.
This selection mechanism determines the beam quality
generated in density downramp injection.
It is now well understood that in the blowout regime [see

Fig. 2(a)], electrons are expelled forming a narrow sheath

and that the ion column provides a restoring force which
pulls these electrons back toward the r ¼ 0 axis. As the
electrons return to the axis their axial velocity begins to
approach the speed of light and their radial momentum
becomes large and negative. This indicates that the trans-
verse emittance would be large if these electrons are
trapped. However, a more detailed investigation reveals
that wakefield excitation and the resulting dynamics of
these electrons are more complicated. A quick inspection
[Fig. 2(a)] demonstrates that the electrons in the sheath
actually do not across the axis (a very small number of the
sheath electrons across the axis but the majority do not);
rather, they are reflected before reaching the axis indicating
the transverse momentum p⊥ vanishes as they approach
the axis.
In a uniform plasma and assuming the phase velocity

of the wake is near the speed of light, the longitudinal
velocity of the electron can be approximately described as
βz ¼ 1 − 2ð1þψÞ2

1þðp⊥=mcÞ2þð1þψÞ2 [37], where ψ ≡ e
mc2 ðϕ − AzÞ is

the wake potential and ϕ and Az are the scalar potential and
the axial component of the vector potential, respectively.
This expression shows that either p⊥ goes to infinity and/or
ψ must approach −1 in order for βz to approach unity. As
shown below, p⊥ remains finite so ψ must approach −1. In
fact a general trapping condition can be derived without

assuming γϕ → ∞ as ψ ≤ −1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðp⊥=mcÞ2

p
γϕ

[14].
The wake potential ψ obeys the Poisson’s equation [33]

∇2
⊥ψ ¼ S≡ −

1

npe

"
ρ−

Jz
c

#
ð2Þ

where S ¼ −1 inside the ion column. Lu et al. showed
for a simple phenomenological model of a sheath with a
single width, Δ, where S ≥0 outside the ion column
(S is constant and greater than unity in the sheath and 0
outside the sheath), that ψ inside the ion column takes the

general form ψ ¼ r2bðξÞ
4 ð1þ βΔÞ − r2

4 ≡ ψ0 − r2
4 , where βΔ is

a positive definite function. Therefore for such a sheath,
ψ ≥0 at each transverse position, such as in the case for the
black lines in Fig. 2(b). In fact it can be shown ψ ≥0 for
any solution of Eq. (2) where S > 0 outside the ion column.
However we find that at the very rear of the wake, S < 0 for
some r outside the ion column such as in the case for
the blue lines in Fig. 2(b). As a result ψ can be very close
to −1 at the rear of the wake and this is why the electrons
can be trapped.
Very importantly, we have also found that in the rear of

the wake, jp⊥j vanishes for almost all sheath electrons as
the approach the r ¼ 0 axis. This is true for wake excitation
in both uniform density plasmas and in density downramps.
As a result electrons are reflected before they reach the axis.
The electrons that are actually trapped also behave similarly
as they approach the axis which is one key reason for why
such low emittances are possible.
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FIG. 2. (a) The trajectories (solid lines) and the −γz (dashed
lines) of the electrons in a uniform plasma with np ¼ 1.5np0 and
ωp is the corresponding plasma frequency. The red dotted line is
the on-axis ψ0. The inset shows the dependence of γz;M of the
electrons on the initial radius under different drivers. The black
and blue markers correspond to ξ ¼ 6.4c=ωp and 10.7c=ωp.
(b) The source term S and pseudo-potential ψ at different ξ. The
blue dashed line is an average. The parameters of the beam
drivers are the same as the Λ ¼ 4 case in Fig. 1.

HIGH QUALITY ELECTRON BUNCH GENERATION … PHYS. REV. ACCEL. BEAMS 20, 111303 (2017)

111303-3

reflected
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•beam current Λ>1

• ramp length >>c/ωp
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Plasma source developed at UCLA
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3D simulation results: beam parameters
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A simulation example to show the parameters of the injected bunch:

emittance current

energy spread brightness

L=5 c/ωp

L=10 c/ωp

L=25 c/ωp

εn as a function of ramp length:

downramp: 6e18 cm-3 to 2.2e18 cm-3 in L=25 c/ωp

10 nm which is about 2 orders of 
magnitude lower than the current 
available values in plasma-based 
accelerators.
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The emittance is sensitive to the symmetry of the wake (driver)
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downramp: 3e18 cm-3 to 2.2e18 cm-3 in L=10 c/ωp

σx2=6.6 µm, σx3=4.5 µm

the slice emittance increases by a factor of ~10 compared to the symmetric driver case
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The current profile of the bunch depends on ramp shape
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there is a one-to-one mapping 
between the initial (zi) and the final 
(ξf) coordinates of the injected 
electrons, which will

• introduce an initial energy chirp
• affect the current profile

current profile depends on ramp shape

Courtesy of Dr. Xinlu Xu

The current profile of the injected 
beam is modulated with a 
wavelength of ~0.5 µm which may 
be useful for resonantly exciting 
wakes in dense plasmas (eg. CNTs)
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The emittance and brightness of the injected beam scale with plasma 
density
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np0	
[cm-3] I	[kA]

εn	
[nm]

τ	[fs]
σr	
[µm]

B	

[A/m2/rad2]

E	

[MeV]
σE/E

Q	

[pC]

Injected	

beam

1018 14 80 10 0.2 4×1018 620 1.5×10-3 140

1020 14 8 1 0.02 4×1020 620 1.5×10-3 14

np0	[cm-3] Density	change	[cm-3] Lramp	[mm] Lacc	[mm]

Plasma
1018 5×1017 1.33 3.3

1020 5×1019 0.133 0.33

Case study: 1.5 np0 ➜np0, ramp length L=250 c/ωp0:

I εn,	τ,	σr B σE/E n Q
E	beams np00 np0-0.5 np01 np00 np01 np0-0.5

Ramp	length Optimal	acceleration	length
Plasma ∝np0-0.5 ∝np0-0.5

Courtesy of Dr. Xinlu Xu
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Outline
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•High brightness beam generation using downramp trapping

• concept

• simulation results

• downramp trapping experiment at FACET-II

•Kinetic instabilities relevant to acceleration in dense plasmas

• kinetic instabilities in beam-plasma system

• experimental investigation using optical-field ionized plasmas

• current filamentation experiment at FACET-II
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Kinetic instabilities in beam-plasma systems
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beam plasma
or another beam

A beam-plasma system may be unstable to two-stream and current 
filamentation instability.

drives longitudinal plasma waves
(Langmuir waves)

self-generates and 
amplifies magnetic fields

•“thermalize” the plasma • isotropize the plasma

two-stream instability filamentation/Weibel instability
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Kinetic plasma instabilities play important roles in both laboratory and 
astrophysical plasmas
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laser compressed 
fuel

electron tranport in dense plasma

Fast	ignition

Figure 2. SunRISE uses Type III (A) and Type II (B) radio bursts to track particle transport and acceleration within the inner
heliosphere. The middle panel shows the state of the art, a dynamic radio power spectrum from the Wind spacecraft illustrating
a storm of Type III bursts preceding a several hours long Type II burst from a CME.

Figure 3. SunRISE would measure the location and distri-
bution of radio emission with sufficient temporal, spatial,
and frequency resolution to separate between shock, flank,
reconnection, and non-local hypothesis for the source of
Type II emission.

vational association between the production of SEPs by a
CME and the occurrence of Type II bursts [7]. Particle ac-
celeration may be due to coronal shocks or compressions
driven by CMEs, by magnetic reconnection behind expand-
ing CMEs, or by stochastic acceleration mechanisms oper-
ating throughout the corona (Figure 3). A lack of obser-
vations of the acceleration process operating in space and
time makes it difficult to distinguish between these mod-
els. The interpretation of associated SEPs in interplanetary
space is further complicated by the unknown role of trans-
port effects between the CME and the observer: Is a slowly
increasing intensity of SEPs due to an increase in the ef-
ficiency of the acceleration mechanism at the source, or a
filtering effect due to the slow diffusion of SEPs along and

across a complex coronal and interplanetary magnetic field?

Objective O2 would be to determine if a broad magnetic
connection between active regions and interplanetary space
is responsible for the wide longitudinal extent of some SEPs
by imaging the field lines traced by Type III bursts from
2 RS–20 RS. Observations with the STEREO spacecraft,
combined with near-Earth measurements, have shown sur-
prisingly wide longitudinal distributions for SEPs [8, 9], in-
cluding a rapid spread over 360◦ in longitude observed in
CME-associated events and events observed near Earth for
which the sources are on the backside of the Sun. Whether
such distributions are a result of particle transport or intrin-
sic to the acceleration region remains to be determined.

Generally, SEPs accelerated during solar flares are rel-
atively narrowly confined (∼< 40◦ longitude). How-
ever, multi-spacecraft observations have revealed a num-
ber of 3He-rich events extending well over 60◦, and even
over 130◦ [10]. Explanations related to field-line mean-
dering (limited to < 10◦, J. Giacalone, private communi-
cation), field-line spreading from the photosphere to the
corona [10], or field-line corotation [9] have proven insuf-
ficient. One of the most promising proposed mechanisms
relies on reconnection within the complex magnetic topol-
ogy that can develop when a coronal hole is near a flaring
active region [11, 12, 13].

In order to achieve these science goals, the SunRISE mis-
sion would have to resolve the centroid and spread of radio
burst emission in the sky as a function of frequency and
time in order to relate the location and motion of the en-
ergized electrons responsible for the bursts to CME struc-
tures (O1) or coronal magnetic field lines (O2). Specific
mission requirements include covering the frequency range
of 0.1 MHz–25 MHz, in order to cover a sufficient range in
distance from the Sun; an orbit well above the Earth’s iono-
sphere; the capability to observe for several hours, in order
to track Type II bursts; the capability to localize the radio
emission to better than 1/3 of the diameter of a CME; and

solar flare 
accelerated 
electron beam 
transport in 
solar wind 
plasma 

sun

radio emission

Solar	radio	burst

Collisionless	shock

the galaxy Cygnus a
colliding 
plasma 
creates 
collisionless 
shocks

Gamma	ray	flash

filamentation of e- beam in dense 
plasma generates bright γ-ray flashes
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Experimental study of kinetic plasma instabilities at UCLA
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• Recently, we have developed a new laboratory platform for (quantitatively) studying kinetic 
plasma instabilities.

• We use optical-field-ionization (OFI) to initialize plasmas with anisotropic (non-Maxwellian) velocity 
distributions to trigger kinetic plasma instabilities.
• streaming instability
• filamentation instability
• Weibel instability

• We use time-resolve Thomson scattering to probe the plasma density fluctuations associated with these 
instabilities to get their frequency and the growth rate.

• One way to study electron current filamentation instability is to send an electron beam 
through a plasma and to observe the filaments of the e- beam once it breaks up. 

B. Allen et al., Phys. Rev. Lett. (2012) 
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Anisotropic EVD initialized by a circularly polarized laser 
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Signature of instabilities: density fluctuations
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is few percent, but is measurable 
using Thomson scattering
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Measured Thomson scattering spectra
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ne=8e18 cm-3

ne=4e18 cm-3ne=2.4e18 cm-3

ne=6e18 cm-3

electron feature dashed lines show the ωp shift

• Laser parameters:
• pump: 0.8µm, 10mJ, 45fs
• probe: 0.4µm, 45fs
• t0 accuracy: ~100 fs;
• temporal resolution: ~45 fs

Electron feature: 
1. shot-lived (compared to collision/recombination 

time)
2. constant spectral shift

Zero-frequency feature:
We call it zero-frequency feature instead of “ion 
feature” because the unshifted signal at 0.4 µm 
also corresponds to instabilities.

streaming instability

zero-frequency feature

filamentation/Weibel instability
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Evolution of the streaming instability
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measured TS spectrum as a 
function of time
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•The linear growth and the nonlinear evolution of the streaming instability were measured;
•Experiment, Kinetic theory and PIC simulation agree well with each other;
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Filamentation instability

�19

0 1 2

t (ps)

0.5

1

1.5

2

2.5

3

0
.5

lo
g
(s

ig
n
a
l)

zero-freq. 
feature

0 20 40 60

kc/
p

0

0.01

0.02

0.03

0.04

/
p

experiment

theory

measured TS spectrum as a 
function of time

ωp
electron 
feature

zero-freq. 
feature

}

CP

The very similar behavior of the electron feature and the zero-
frequency feature within the 1 ps suggests that they may have 
the same driven source- the counter-propagating streams.

electron feature
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Current filamentation instability: proposed experiment at FACET-II
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plasma density:
density fluctuation at kz=kp, ky=2kp:

nb=3e19 cm-3, σz=2.8 µm
np=3e20 cm-3, 20 eV
256 particles/cell
e-e collisions included

filamentationoblique

• possible reasons 
for the 
discrepancy:

•  theory: fluid model
• γ depends on k

•In collaboration with S. Corde at 
LOA, F. Fiuza, V. Yakimenko, M. 
Hogan, etc at SLAC
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Summary
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•Theory and PIC simulations show that it is possible to generate high brightness, low 
emittance e- beams using downramp trapping

• such injected beams may serve as drivers for beam acc. in crystals and nano-
structures

•Using time-resolved Thomson scattering, we have measured instabilities growing in an 
OFI plasma to test kinetic theory

• streaming instability

• filamentation instability

•Beam current filamentation instability may play important roles in acceleration in 
Crystals/Nano-structures


